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maging and In Vivo Quantitation of �-Amyloid:
n Exemplary Biomarker for Alzheimer’s Disease?

isa Nichols, Victor W. Pike, Lisheng Cai, and Robert B. Innis

lzheimer’s disease (AD) is characterized pathologically by the presence of �-amyloid plaques in the brain. A substantial body of
esearch indicates that the presence of increased �-amyloid peptide (A�) is neurotoxic and may initiate the further pathology observed
n AD, including neurofibrillary tangles, synaptic loss and dysfunction, and neurodegeneration. The use of brain imaging in patients
ith or at risk for AD has increased our understanding of the pathophysiology of the disease and may potentially aid in diagnosis. The
evelopment of new therapeutics that reduce A� in the brain has also indicated a potential use for amyloid imaging in monitoring
esponse to treatment. This review explores the utility of amyloid as a biomarker and the use of positron emission tomography and

agnetic resonance imaging in the diagnosis and treatment of AD.
ey Words: Alzheimer’s disease, imaging, amyloid, biomarker,
ET, MRI

lzheimer’s disease (AD) is characterized by progressive
deterioration of memory and other cognitive function,
which may be accompanied by behavioral symptoms

ncluding agitation, anxiety, depression, or psychosis. Alzhei-
er’s disease currently afflicts approximately 4.5 million Ameri-

ans (Hebert et al 2003), and the incidence will substantially
ncrease as a larger proportion of US citizens reaches the age of
usceptibility. One goal of current drug development is the
eduction or elimination of �-amyloid plaques, a hallmark of this
isease and the marker by which diagnosis is confirmed posthu-
ously. Positron emission tomography (PET) radioligands that
ind selectively to amyloid could allow for the assessment of
oth the severity of disease in vivo and the effectiveness of new
rugs that aim to reduce amyloid plaques. This article reviews
he potential utility of amyloid as a biomarker of AD and the
ften overlooked limitations of amyloid imaging in diagnosis and
onitoring of treatment.

he Argument for Amyloid as an Etiological Factor
n AD

While the cause of AD is unknown, the discovery of amyloid
laques and neurofibrillary tangles (NFTs) by Aloise Alzheimer

n 1907 generated several hypotheses and guided the develop-
ent of disease models. The amyloid cascade hypothesis posits

hat environmental or genetic factors enhance secretion and/or
educe clearance of the �-amyloid peptide (A�), resulting in the
ormation of amyloid plaques (Hardy and Selkoe 2002; Hardy
nd Higgins 1992). The A� peptide is a product of the proteolytic
leavage of the amyloid precursor protein (APP), which can be
rocessed via two pathways (Figure 1) (Shoghi-Jadid et al 2005).
n the first, APP cleavage by �-secretase produces a soluble
-terminal fragment (sAPP�) and a membrane-bound C-terminal

ragment (C83). In the second pathway, �- and �-secretase
equentially cleave APP to produce A�40 and A�42. The enzyme
-secretase (BACE1) cleaves APP at the N-terminus of the A�
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sequence and produces a 99-amino acid C-terminal fragment
(C99), which is further processed by � -secretase (Nunan and
Small 2002; Puglielli et al 2003). The cleavage site of � -secre-
tase, a complex consisting of presenilin, nicastrin, APH1, and
PEN-2, determines whether A�40 or A�42 is produced (Ed-
bauer et al 2003). Accumulation of A� ,  through the transfor-
mation of this peptide into oligomers, fibrils, and later
plaques, may lead to changes in the brain including an
imbalance of kinase and phosphatase activity, resulting in the
hyperphosphorylation of tau protein and subsequent devel-
opment of NFTs, as well as neurotransmitter deficits and
neurodegeneration (Selkoe 2004).

A growing body of evidence indicates that soluble A� or A�
oligomers (also referred to as A�-derived diffusable ligands
[ADDL]) and not insoluble plaques are the precursor to the
pathophysiology in AD (Klein et al 2001). McLean et al (1999)
found that soluble A�, but not A� plaques, was significantly
correlated with the density of tau-reactive neuritic plaques and
NFTs in the cortex and putamen of postmortem AD brain.
Soluble A�40, but not A� plaques or NFTs, was also found to be
significantly correlated with synaptic loss in postmortem brain
specimens from patients with AD (Lue et al 1999). In accordance
with these results, Mucke et al (2000) found that transgenic mice
carrying a wild-type version of the human gene for APP demon-
strated a decrease in presynaptic terminals with age in the
absence of amyloid plaques, which correlated with levels of
soluble A� (Klein et al 2001).

Although the mechanism by which A� accumulation stimu-
lates the development of NFTs has only been hypothesized,
several studies have linked the two phenomena. JNPL3 mice,
which overexpress a mutated version of the human gene for tau
and develop NFTs, demonstrate a fivefold increase in NFTs after
injection of A�42 fibrils in brain (Gotz et al 2004) and a sevenfold
increase when crossed with mice containing a mutated version of
human APP (Lewis et al 2001).

Oddo et al (2003) recently demonstrated a direct relation-
ship between A� and tau pathology. They found that passive
immunization of transgenic mice, which develop both amy-
loid plaques and NFTs, not only markedly reduced intracellu-
lar and extracellular A� but also cleared tau protein from the
somatodendritic compartment of neurons and prevented fur-
ther tau pathology. In contrast, postmortem examination of
a woman with AD who had received A�42 immunizations
(AN-1792) found a significant reduction in A� plaques and
associated dystrophic neurites in neocortical areas but no
change in NFTs, neuropil threads, or cerebrovascular amyloid
angiopathy (Nicoll et al 2003). These findings suggest that if

A� immunization proves successful in humans, early detection
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nd treatment would present the greatest benefit to patients
y acting early in the cascade of amyloid-induced pathology.

Significant controversy exists about the correlation, or lack
hereof, of amyloid plaques and cognitive decline in patients
ith AD. Several studies have demonstrated that amyloid plaque
eposition is not well correlated with cognitive dysfunction in mild
ognitive impairment (MCI) or AD, while other studies have re-
orted significant correlations (Cummings and Cotman 1995; Guil-

ozet et al 2003; Wilcock and Esiri 1982). Studies of total A � levels
which account for both the soluble and insoluble forms) have
emonstrated significant correlations between A�40–42 levels and
everity of cognitive dysfunction (Naslund et al 2000), as have
tudies of NFTs and cognitive dysfunction (Guillozet et al 2003;
ilcock and Esiri 1982). Though some correlation appears to

xist between plaques and cognitive dysfunction, soluble A� or
otal A� levels may have a stronger correlation than plaques
lone and NFTs also appear to be strongly correlated with
ognitive dysfunction.

While roughly 90% of AD cases are considered sporadic,
everal genetic mutations for early-onset familial AD (FAD) have
een identified. Mutations have been identified in three genes for
AD, including the amyloid precursor protein, presenilin 1, and
resenilin 2 genes. These mutations result in increased A�42

roduction, strongly implicating the A� peptide in the pathogen-
sis of the disease (Hardy and Higgins 1992; Mudher and
ovestone 2002; Sommer 2002).

The only currently identified genetic risk factor for late-onset
D (which constitutes �90% to 95% of all AD cases) is the ε4
llele of apolipoprotein E (ApoE). Apolipoprotein E is part of a
lass of proteins that removes excess cholesterol from the blood.
he risk for developing AD has been shown to increase with the
umber of ε4 alleles; those homozygous for the ε4 allele may
ave a roughly 14.9% risk of developing AD (Beffert et al 1998;
arrer et al 1997). Apolipoprotein E has also been found to
orrelate with decreased age of onset and increased number of
laques (Corder et al 1993; Gomez-Isla et al 1996). Mann et al

igure 1. Proteolytic cleavage of APP by �-, �-, and �-secretases. APP under-
oes proteolytic cleavage via two distinct pathways. In the nonamyloido-
enic pathway, APP is cleaved by �-secretase resulting in a soluble N-

erminal fragment (sAPP�) and a membrane bound C-terminal fragment
hat is further cleaved by �-secretase to produce P3. In the second pathway,
PP cleavage by �-secretase produces a soluble N-terminal fragment

sAPP�) and a C-terminal fragment that is further cleaved by �-secretase to
roduce A�40 – 43. Reprinted with permission from K. Shoghi-Jadid and
lsevier Publishers (Shoghi-Jadid et al 2005). APP, amyloid precursor pro-
ein; A�, �-amyloid peptide.
1997) have demonstrated increased A�40 and increased density
and area of amyloid plaques containing A�40 in postmortem
brain of AD patients with one or two copies of the ApoE ε4 allele.
In another postmortem study, Ghebremedhin et al (1998) ob-
served a significantly greater frequency of NFTs in the transen-
torhinal region (stage 1 of AD-related changes) in brains of
individuals (average age 38) heterozygous for the ε4 allele than
those who were negative for this risk allele.

Increasing pathological evidence suggests that amyloid dep-
osition begins early in life. A study by Braak and Braak (1997) of
2661 postmortem human brains investigated plaque and tangle
pathology in individuals ranging in age from 25 to 95. They
demonstrated the presence of early-stage amyloid deposits in
some younger adults with increasing prevalence and advanced
stages of amyloid deposition with increasing age. Neurofibrillary
tangles and neuropil threads were also present in younger adults
and increased until roughly the age range of 60 to 70 years of age
before declining, while the prevalence of advanced stages of
pathology increased with advanced age.

Drug Development: Focus on Mechanisms Targeted
for Amyloid

The current treatments available for AD are symptomatic and
only partially effective, e.g., cholinesterase inhibitors and the
partial N-methyl-D-aspartate (NMDA) antagonist, memantine. In
contrast, drugs that reduce amyloid burden in brain would treat
and potentially prevent the associated neuropathology. The
�-secretases and �-secretases are promising drug targets for AD.
The cleavage of APP by �-secretase and �-secretase produces the
A�40 and A�42 peptides; drugs which inhibit �-secretase and
�-secretase should significantly reduce production of these pep-
tides.

Immunization against A�42 has also been studied extensively
for treatment of AD in both animal models and patients. Active
A�42 immunization was shown to protect young mice overex-
pressing mutant human APP (PDAPP mice) from plaque forma-
tion and to clear plaques in older animals (Schenk et al 1999).
The A� immunization has also been shown to improve cognitive
performance in APP/PS1 transgenic mice (Gotz et al 2004). In
TgCRND8 mice, A� immunization reduced plaques by �50% and
also reduced cognitive dysfunction (Janus et al 2000). Interest-
ingly, tau immunization of transgenic mice, which develop both
A� plaques and NFTs, did not affect either tau or A� pathology
(Oddo et al 2003).

Clinical studies of active A�42 immunization have been con-
ducted in patients with AD. A phase IIa trial was discontinued
when 6% of the patients developed meningoencephalitis (Or-
gogozo et al 2003). Data collected from one center showed that
20 of the 30 AD patients who had received immunizations
performed significantly better on the Mini-Mental Status Exami-
nation and the Disability Assessment for Dementia rating scale
than control patients (Hock et al 2003). An interesting paradox is
that decreased brain volume and increased ventricular volume
were observed in these patients when compared with those who
had received placebo (Fox et al 2005). Clinical studies of passive
A�42 immunization are reportedly underway (Selkoe 2004).

The findings of several epidemiological studies suggest non-
steroidal anti-inflammatory drugs (NSAIDs) may reduce the risk
of developing AD or delay disease onset (Szekely et al 2004).
One study found that cumulative use of NSAIDs for 24 months or
greater reduced the risk of developing AD (McGeer et al 1996).
Clinical studies of the NSAID naproxen and the cyclo-oxygen-

ase-2 inhibitor, rofecoxib (Vioxx), indicated that these drugs did

www.sobp.org/journal
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ot slow the progression of AD (Aisen et al 2003; Reines et al
004). Furthermore, Weggen et al (2001) found that ibuprofen,
ndomethacin, and sulindac sulphide, all NSAIDs, decreased
roduction of A�42 up to 80% in cultured cells regardless of their
ffects on cyclo-oxygenase activity. Zhou et al (2003) demon-
trated that these NSAIDs decreased A�42 levels through inhibi-
ion of Rho, a small G-protein.

Elevated cholesterol levels have been shown to increase A� in
ellular and animal models (Gotz et al 2004). High-fat/high-
holesterol diets in APP/PS1 transgenic mice increased A� levels
nd deposition of amyloid plaques in brain (Puglielli et al 2003).
t has been proposed that drugs such as statins, which inhibit the
ynthesis of cholesterol, may reduce A� levels and protect
gainst AD. Many other treatment strategies have been explored,
ncluding agents that disrupt the �-sheet structure of amyloid,
opper and zinc chelators, and enzymes such as neprilysin and
nsulin-degrading enzyme, which have been shown to reduce A�
eposits (Farris et al 2003) (for a more in-depth review, see
ominguez and De Strooper 2002).

maging with PET: Radiopharmaceuticals for Amyloid

Radioligands that bind amyloid plaques are derivatives of
istological staining agents that have been used for decades to
abel amyloid. These agents, like Congo Red and Chrysamine G,
ave ready access to amyloid plaques in brain sections but would
e ineffective as in vivo imaging radioligands. Their high polarity
nd negative charge prevent them from crossing the blood-brain
arrier (BBB) to any significant degree (for an in-depth review of
myloid ligand development, see Mathis et al 2004) and similar
omplications were encountered with analogs of these com-
ounds. A second complication (or perhaps opportunity) has
ecome apparent: the three-dimensional structure of amyloid
ggregates provides multiple binding sites.

At least three classes of binding sites on amyloid plaques have
een proposed, including those for Congo Red (a styrylben-
ene), thioflavin-T (a benzothiazole), and 2-(1-[6-[(2-[(18)F]-
luoroethyl)(methyl)amino]-2-napthyl]ethylidene)malono nitrile
FDDNP) (an aminonapthalene). In fact, Lockhart et al (2005)
ecently published data suggesting that the thioflavin-T class
tself is composed of three binding sites, termed BS1, BS2, and
S3, for which one binding site is reported to be present per 35,
, and 300 AB40 monomers, respectively. However, controversy
xists as to potential overlap and even subtypes of three classes
f binding sites (Lockhart et al 2005; Ye et al 2005).

The four promising chemical backbones for amyloid radioli-
ands include aminonapthalenes, benzothiazoles, stilbenes, and
midazopyridines, from which three compounds have been
eveloped and utilized to image amyloid in patients with AD,
amely [18F]FDDNP, [11C]PIB, and [11C]SB-13, respectively.

Investigators from the University of California, Los Angeles
UCLA) reported the first in vivo imaging of amyloid plaques in
umans using the aminonaphthalene, [18F]FDDNP, in patients
ith AD and healthy human subjects (Agdeppa et al 2001;
hoghi-Jadid et al 2002). The results demonstrated a significantly
reater “relative retention time” in AD subjects over control
ubjects in the hippocampus, amygdala, and enthorhinal cortex,
reas with high concentrations of plaques and tangles. It should
e noted that relative retention time has not been validated as an
ccurate measure of the target.

Nevertheless, greater retention was correlated with poorer
erformance on cognitive tests, areas of atrophy observed with

agnetic resonance imaging (MRI), and low glucose metabolism

ww.sobp.org/journal
measured with positron emission tomography with 18fluorode-
oxyglucose (FDG-PET). The affinity of FDDNP for synthetic
�-amyloid fibrils measured with fluorescence titration assays has
been reported to be high, with KD values of .1 nm and 1.9 nm for
two proposed binding sites on amyloid fibrils. Recent studies,
however, have indicated that the affinity of this compound for
amyloid fibrils may be much lower than previously reported (Ye
et al 2005). Limitations of this compound include high nonspe-
cific binding (with a relatively low target-to-background ratio),
low brain uptake, and lack of validated kinetic methods for
quantitation (Agdeppa et al 2001; Shoghi-Jadid et al 2002). In
addition, FDDNP is not specific to amyloid but appears also to
bind to neurofibrillary tangles (tau protein) in postmortem AD
brain. Finally, FDDNP has been demonstrated to compete for the
same binding site on amyloid fibrils as the NSAIDs naproxen and
ibuprofen, which may significantly reduce or eliminate the signal
from this ligand in individuals taking these medications (Ag-
deppa et al 2003).

Small et al (2004) recently reported a PET imaging study of
[18F]FDDNP in subjects with AD, mild cognitive impairment
(which may progress to AD), and no cognitive dysfunction. They
reported significantly higher binding in subjects with AD than
those with MCI or control subjects and higher binding in MCI
patients than in control subjects, indicating the potential use of
this compound in the early diagnosis of AD.

Klunk et al (2004a) imaged amyloid in subjects with mild AD
and healthy control subjects using the thioflavin-T derivative
[11C]PIB (Pittsburgh Compound B, Figure 2). They reported a
significant retention of PIB in AD patients, particularly in frontal
and temporoparietal areas, compared with healthy control sub-
jects with a ratio between groups of �2:1 (Klunk et al 2004a).
The affinity of PIB for amyloid in AD brain homogenate and
synthetic A�40 is reported to be high, with binding dissociation
constants (KD) of 1 and 5 nm, respectively (Mathis et al 2003).
Pittsburgh Compound B has also been demonstrated to bind to
amyloid plaques and cerebrovascular amyloid in postmortem AD
brain. However, nonspecific binding to white matter has also
been reported both in vitro and in vivo and this ligand has been
unsuccessful in attempts to label amyloid plaques in transgenic
mouse models of AD using PET (Klunk et al 2004a; Mathis et al
2003).

A PET imaging study of [11C]PIB in age-matched subjects with
AD, MCI, or with no cognitive dysfunction has been conducted
(Klunk et al 2004b). A 2:1 difference in PIB binding was observed
between AD patients and control subjects in the frontal, tempo-
ral, parietal, and posterior cingulate cortices, while subjects with
MCI resembled either control subjects or subjects with AD (Klunk
et al 2004b). The MCI patients in this study will require future
evaluation to establish the predictive power of [11C]PIB with PET,
and the presence of amyloid generally, in the early diagnosis of
AD (Klunk et al 2004b).

Verhoeff et al (2004) imaged �-amyloid using the stilbene
derivative [11C]SB-13 in subjects with mild to moderate AD and
healthy control subjects in a comparison study with [11C]PIB.
They found that [11C]SB-13 had similar properties in vivo to
[11C]PIB, with greatest retention observed in the frontal and
temporoparietal cortices and the striatum of subjects with AD but
not control subjects. It should be noted that the sample size in
this study was relatively small (n � 11) (Verhoeff et al 2004). In
vitro autoradiography indicated specific binding of [3H]SB-13 to
amyloid plaques in postmortem AD brain and demonstrated a
binding dissociation constant (K ) of 2.4 nm in AD brain
D

homogenate (Kung et al 2004).
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These findings suggest that PET radiotracers for amyloid may
llow for the early detection of amyloid plaques and diagnosis of
he disease, as well as provide a means with which to determine
he efficacy of new drugs in development that reduce amyloid
evels in brain. This would utilize amyloid as both a biomarker of
D, and a surrogate outcome measure of the efficacy of new

herapeutics.

s Amyloid Imaging a Useful Biomarker
r Even Surrogate End Point?

A biomarker is an objectively measured characteristic that
eflects either a physiological or pathophysiological process in
he human body. For example, plasma cholesterol levels are a
iomarker for both normal and pathological processing of this
teroid in the body. A biomarker can be used for diagnosis and
o study pathophysiology. In contrast, a surrogate end point is a
ubset of biomarkers that can substitute for the ultimate clinical
nd point. For example, plasma cholesterol is generally accepted
s a surrogate end point in the evaluation of statin medications
or the ultimate clinical end point of decreased rate of heart
ttacks and overall mortality for cardiovascular disease. That is, if
new statin is shown to reduce plasma cholesterol levels, then it
an be reasonably assumed to have efficacy in reducing future
ardiovascular disease. Imaging of amyloid has frequently been

igure 2. PET images of [11C]PIB in a patient with AD and a healthy subject.
atients with AD when compared with control subjects. Printed with per
ompound B; AD, Alzheimer’s disease.
outed as both a useful biomarker (for diagnosis and studies of
pathophysiology), as well as a surrogate end point to evaluate
medications that reduce the levels of amyloid in the brain. This
section will critically evaluate these claims. In brief, the authors
think that amyloid is clearly a useful biomarker for pathophysi-
ology, but it may not be adequate for diagnosis and is surely not
a validated surrogate end point.

With regard to studies of pathophysiology, amyloid imaging is
likely to be a valuable research tool to examine key components
of the “amyloid cascade hypothesis” in living human subjects
over time. For example, do all patients with AD have significant
amyloid in brain? Does clinical progression and physiological
sequelae within an individual correlate with the accumulation of
amyloid in specific brain regions?

The utility of amyloid imaging for diagnosis or as a surrogate
end point is far more questionable than its use to explore
pathophysiology. The more extensive imaging studies of the
dopamine system in another neurodegenerative disorder, Parkin-
son’s disease (PD), provide a valuable historical comparison
(Ravina et al 2005). Many of the symptoms of this idiopathic
movement disorder are caused by the degeneration of dopamine
neurons in the midbrain, as well as their terminals in the striatum.
Similar to amyloid in AD, the imaging of several components of
the dopamine system (including dopamine metabolism and the
dopamine transporter) were thought to be surely useful to study

nificant retention of PIB is observed in frontal and temporoparietal areas in
n from Chet Mathis. PET, positron emission tomography; PIB, Pittsburgh
A sig
missio
pathophysiology, to diagnose patients, and to assess the efficacy

www.sobp.org/journal
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f putative neuroprotective agents. In fact, such dopamine
maging studies were useful to study pathophysiology, including
rogression of disease and the evaluation of early stage 1
atients. However, as more studies were completed, it became
lear that such dopamine imaging studies largely could not
istinguish idiopathic PD from other Parkinsonism, and the
alse-positive and false-negative rate of imaging for diagnosis is
till not clear. Of greater concern, the use of dopamine imaging
s a surrogate end point has been severely questioned because
f several large studies in which the imaging measurements were
iscordant from the clinical evaluations. In fact, the National
nstitute of Neurological Disorders and Stroke (NINDS) spon-
ored consensus panel on dopamine imaging in PD concluded:
Current evidence does not support the use of imaging as a
iagnostic test in clinical practice or as a surrogate end point in
linical trials” (Ravina et al 2005).

This sobering history of dopamine imaging in PD may well be
eplicated with amyloid imaging in AD. With regard to diagnosis,
o reasonable data have yet been published on sensitivity or
pecificity of amyloid imaging. In fact, preliminary findings
eported in abstract form suggest that a moderate percentage of
ognitively intact elderly subjects may have abnormally high
11C]PIB brain uptake (Mintun et al 2004). Furthermore, no data
xist to support the use of amyloid imaging as a surrogate end
oint. As a thought experiment, what would have been the utility
f amyloid imaging in the human A� immunization trial? As
entioned previously, the trial was discontinued because of the

% occurrence of meningoencephalitis (Orgogozo et al 2003). At
east one (and perhaps more) of the subjects was studied at
ostmortem and thought to have significantly reduced amyloid
taining compared with comparable cases. So, let us assume that
mmunization was effective to remove amyloid from the brain. If

igure 3. A comparison of positron emission tomography images of cereb
ormal controls. The group with probable AD demonstrated significantl
refrontal (PF), parietal (Pa), temporal (Te), and posterior cingulate (PC) reg
ith permission from the Massachusetts Medical Society © 1996. All rights
maging were performed, there would be significant discordance

ww.sobp.org/journal
between the positive imaging result (i.e., decreased amyloid) and
the poor clinical result (i.e., significant meningoencephalitis).
Such discrepancies for surrogate end points have occurred
before. One frequently quoted example is the use of the elec-
trocardiogram (EKG) to assess the efficacy of flecainide and
encainide as antiarrhythmic agents in patients with recent myo-
cardial infarction (Hilts 2003). The Food and Drug Administration
(FDA) approved these agents because they corrected the arrhyth-
mia measured on EKG, which was the surrogate end point in this
study. However, after several hundred thousand patients were
treated with these agents, an National Heart, Lung, and Blood
Institute (NHLBI) sponsored study showed that these agents
actually increased mortality from cardiac causes! The drugs were
withdrawn for use in patients with recent myocardial infarction,
although still safe and effective in other patient populations. The
research community was alerted that even an obvious surrogate
end point (like EKG) with clear face validity needs extensive
validation.

Although this discussion takes a rather negative view of
amyloid imaging as a surrogate end point, it should be counter-
balanced with actual intended use of the tool. From the perspec-
tive of a pharmaceutical company developing antiamyloid ther-
apies, the results of imaging might be viewed as “necessary but
not sufficient.” If the drug is designed to act by removing amyloid
and imaging shows that it does not do so, then it could be
discontinued because of a failure to demonstrate the proposed
mechanism of action. However, even if the imaging results are
positive (i.e., show a reduction of amyloid burden), the drug may
not improve cognitive function and could have serious side
effects. Thus, if the proposed mechanism is to remove amyloid
from brain, then a positive effect with imaging would be
necessary but not sufficient to establish a useful therapeutic

ucose metabolism in patients with probable Alzheimer’s disease (AD) and
uced rates of glucose metabolism (indicated in purple) bilaterally in the
hen compared with the control group. Reprinted from Reiman et al (1996)
ed.
ral gl
y red
ions w
agent.
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We must also consider the possibility that imaging of amyloid
ould be affected by drug therapy, as with dopamine transporter
vailability. For example, drugs aimed at disrupting amyloid
laques might simply decrease the number of binding sites and
herefore the amount of amyloid detected with PET without
ctually decreasing the total amount of amyloid.

Fleming and DeMets (1996) make an effective argument for
he use of the clinical outcome in phase 3 clinical trials in the
bsence of a well-established surrogate end point measure,
hich can predict such an outcome. The utility of amyloid as a

urrogate outcome measure can only be determined with exten-
ive long-term studies. The correlation, or lack thereof, of
myloid plaques in AD patients with improved cognition and
linical outcome is yet to be determined.

lternative Imaging Methods: FDG-PET and MRI

The utility of amyloid imaging in AD should also be assessed
elative to currently available neuroimaging methods: PET mea-
urement of regional cerebral glucose metabolism and structural
RI. Positron emission tomography with 18fluorodeoxyglucose
as been utilized for a number of years to assess glucose
etabolic rates in AD patients and has been demonstrated to

ignificantly enhance clinical diagnosis. Positron emission to-
ography studies of cerebral blood flow, glucose metabolism,

nd oxygen use have consistently identified parietotemporal
ypometabolism in AD patients (Figure 3) and these findings
ave been correlated with cognitive decline and localization of
eurofibrillary tangles (Silverman 2004). These findings can
urther discriminate AD from vascular or frontotemporal de-
entia (i.e., Pick’s disease) (Silverman 2004). Positron emis-

ion tomography with 18fluorodeoxyglucose is reported to
ave high sensitivity (94%) and specificity (73%) for the
iagnosis of AD as confirmed by histopathologic evaluation
Silverman 2004; Silverman et al 2001).

Positron emission tomography with 18fluorodeoxyglucose has
lso been reported to detect differences in metabolic activity in
atients with MCI with greater than 80% accuracy (Silverman
004). In one study, patients who were diagnosed with AD at 18
onths postscan demonstrated reduced 18fluorodeoxyglucose

FDG) uptake in the right temporoparietal cortex when com-
ared with MCI patients who had not developed the disease at
his time point (Chetelat et al 2003). Additionally, FDG-PET may
llow for assessment of the rate of progression of the disease on
n individual basis (Silverman 2004).

Differences in metabolic activity have also been reported in
at risk” subjects. A study by Reiman et al (1996) investigated
hanges in glucose metabolism using FDG-PET in cognitively
ealthy late middle-aged adults who were homozygous for the
poE ε4 allele and young adults (20–39) who are heterozygous

or the ε4 allele. They found significant reductions in metabolism
n the posterior cingulate (area of greatest reduction), parietal,
emporal, and prefrontal brain in these subjects but not control
ubjects, consistent with findings from patients with probable AD
Reiman et al 1996, 1998).

Positron emission tomography with 18fluorodeoxyglucose has
emonstrated the ability to detect consistent differences in glucose
etabolism in patients with AD versus control subjects, as well
s to detect early changes in patients with MCI and individuals
t higher risk for developing the disease. In the United States,
he Center for Medicare and Medicaid Services (CMS) recently
eversed a prior decision and approved reimbursement for

DG-PET with significant limitations and restrictions. The
prior rejection and the current restrictions imposed by CMS
appear to have been primarily based on the lack of effective
therapies.

Structural MRI
Structural MRI has been utilized to rule out treatable or

alternative causes for the presence of cognitive impairment at the
time of patient evaluation for AD. Because of the wide variation
in brain gray and white matter volumes, single time point
measurements show significant overlap in AD patients and
healthy subjects. Thus, the sensitivity and specificity of a single
MRI scan for AD is somewhat limited. However, serial imaging of
individual patients has shown an amazing ability to track quan-
titatively the progression of the disease. Atrophy of the medial
temporal lobe has been used as a biological marker of AD using
MRI with 85% specificity in patients with mild AD (Scheltens et al
2002). Increased brain atrophy has also been observed in
patients at risk for AD who later developed the disease, indicat-
ing structural MRI may aid in early diagnosis of the disease. A
study by (Reiman et al 1998) found a decrease in hippocampal
volume in individuals homozygous for the ε4 allele. These results
did not reach significance, however, while changes in glucose
metabolism were significant, indicating that changes in brain
volume may represent a later marker of disease pathology.

In addition to structural imaging, MRI may allow for imaging
of amyloid itself under certain conditions. Higuchi et al (2005)
recently imaged amyloid plaques in transgenic mice using fluo-
rine-19 (19F) and 1H signals to detect a Congo Red derivative. In
addition, Sigurdsson et al (2004) recently imaged amyloid
plaques in transgenic mice with MRI and a gadolinium contrast
agent. Although these techniques are exciting, they may not be
safe in human subjects since they require high doses (20 mg/kg)
of the contrast agent.

The National Institute on Aging has undertaken a multisite
study (Alzheimer’s Disease Neuroimaging Initiative) to assess the
efficacy of PET and MRI in measuring disease progression and
function as surrogate end point measures in clinical trials of
therapeutic agents for AD. This study includes individuals with
normal cognition, MCI, and early AD, assessing changes over
time in each of these groups utilizing imaging, neuropsycholog-
ical testing, and biochemical markers. The results of this study
should help determine the relative utility of FDG-PET and MRI as
biomarkers of AD.

Discussion

Positron emission tomography radioligand imaging has ex-
traordinary sensitivity compared with MRI methods, which are
about 10�12 versus 10�4 mol, respectively. In addition, PET
radioligands can specifically label a single protein, whereas
FDG-PET provides more general measures of local neuronal
activity. In light of these relative capabilities, PET amyloid
imaging would appear to be the best method for diagnosis and
use as a surrogate end point in clinical trials of antiamyloid
therapies. In fact, the actual situation is far more complex than
this initial impression. First of all, the amyloid cascade hypothesis
is just that, i.e., a hypothesis. In addition, the sensitivity and
specificity of amyloid imaging in AD are unknown, and a
moderate number of cognitively intact individuals may have
significant amyloid burden. Finally, the criteria for a surrogate
end point are very rigorous, and it will take many years for
amyloid imaging to achieve, if ever, the status of a validated
surrogate end point. The value of imaging the plaques them-

selves is questionable given their relative importance to oli-
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omers and the presence of plaques in “healthy” human brain.
ecause of these concerns, others modalities like FDG-PET and
tructural MRI may provide a more appropriate and global level
f measurement to diagnose the disorder and to monitor the
verall effect of novel therapies on neuronal activity and cogni-
ive performance, including those designed to reduce amyloid
urden. In contrast to the naïve initial impression, it may be more
rudent to summarize the status of amyloid imaging as an
xciting opportunity to explore pathophysiology and to examine
ritical hypotheses in the field.
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